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� Background and Aims The effect of heating and cooling on cambial activity and cell differentiation in part of the
stem of Norway spruce (Picea abies) was investigated.
� Methods A heating experiment (23–25 �C) was carried out in spring, before normal reactivation of the cambium,
and cooling (9–11 �C) at the height of cambial activity in summer. The cambium, xylem and phloem were
investigated by means of light- and transmission electron microscopy and UV-microspectrophotometry in tissues
sampled from living trees.
� Key Results Localized heating for 10 d initiated cambial divisions on the phloem side and after 20 d also on the
xylem side. In a control tree, regular cambial activity started after 30 d. In the heat-treated sample, up to 15 earlywood
cells undergoing differentiation were found to be present. The response of the cambium to stem cooling was less
pronounced, and no anatomical differences were detected between the control and cool-treated samples after 10 or
20 d. After 30 d, latewood started to form in the sample exposed to cooling. In addition, almost no radially expanding
tracheids were observed and the cambium consisted of only five layers of cells. Low temperatures reduced cambial
activity, as indicated by the decreased proportion of latewood. On the phloem side, no alterations were observed
among cool-treated and non-treated samples.
� Conclusions Heating and cooling can influence cambial activity and cell differentiation in Norway spruce.
However, at the ultrastructural and topochemical levels, no changes were observed in the pattern of secondary
cell-wall formation and lignification or in lignin structure, respectively.

Key words: Norway spruce, Picea abies, cambium, xylem, phloem, cell differentiation, heating, cooling, light microscopy,
transmission electron microscopy, UV-microspectrophotometry.

INTRODUCTION

The growth and development of trees is controlled by
internal and external factors. External factors (temperature,
precipitation, radiation, daylength, etc.) regulate the initi-
ation, termination, rate and extent of growth, as well as
developmental processes in plants. In temperate climatic
zones, vascular cambium in conifers exhibits seasonal
periods of activity and dormancy. Cambial activity usually
ceases in late summer and resumes in spring with cell
division followed by differentiation into xylem and phloem
(Denne and Dodd, 1981; Savidge, 1996, 2000; Kozlowsky
and Pallardy, 1997; Lachaud et al., 1999; Wodzicki, 2001;
Larcher, 2003).

In order to characterize the factors enabling cambial
growth in conifers, shoots, stem cuttings or intact stem
portions have been exposed to controlled conditions during
cambial dormancy and/or activity (Little and Bonga, 1974;
Little, 1981; Savidge and Wareing, 1981; Riding and Little,
1984, 1986; Mellerowicz et al., 1992; Savidge and Barnett,
1993; Barnett and Miller, 1994; Oribe and Kubo, 1997;
Oribe et al., 2001, 2003, 2004; Rensing and Samuels,
2004). Experiments revealed differences in cambial res-
ponse to heat treatment among different conifers (Barnett
and Miller, 1994; Oribe et al., 2001, 2003, 2004). In the

deciduous Larix leptolepis, no cell division was observed in
the cambium of warmed stems until the natural resumption
of cambial activity occurring after bud break. In dormant
evergreen Picea sitchensis saplings, cambial reactivation
occurred only in the heated region of the stem if needles
and buds were left intact (Barnett and Miller, 1994). In the
evergreen Cryptomeria japonica, cambial reactivation often
occurred in the heated portion of the stem. This response
gradually increased as the dormant season passed from win-
ter to spring. Heating also induced localized reactivation of
the cambium in treated portions of the stem in the evergreen
conifer Abies sachalinensis. However, the cells in the react-
ivated cambium stopped dividing soon after only a few cells
had been generated and no differentiating xylem cells were
observed. It has been suggested that heating directly triggers
the breaking of cambial dormancy in evergreen conifers
(Oribe and Kubo, 1997). By contrast, the influence of cool-
ing of tree stems on cambium activity during the growing
season has received relatively little attention. Moreover,
increased knowledge on the influence of temperature on
cell-wall formation, especially lignification, would contrib-
ute to a better understanding of the environmental factors
regulating wood formation in trees.

The purpose of this preliminary research was to evaluate
the response of dormant cambium of Norway spruce (Picea
abies) to applied heat before its regular reactivation in early
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spring 2004, as well as to observe the response of the active
cambium to experimental cooling at the presumed height
of cambial activity. The response of the cambium to both
treatments was investigated every 10 d by means of light
microscopy (LM), transmission electron microscopy (TEM)
and UV-microspectrophotometry (UMSP). In order to
reveal the effect of treatments on the general anatomy of
xylem and phloem growth rings, samples were taken at the
end of the vegetation period in 2004.

MATERIAL AND METHODS

Three 70-year-old Norway spruce test trees (dbh 35 cm)
were selected in an urban Norway spruce/beech forest at
Rožnik in Ljubljana (46�030N, 14�280E, 323 m a.s.l.).

One adult tree was used for the heating experiment and
one for the cool treatment. The third tree was not treated
and served as a control. The number of test trees was defined
in accordance with experimental limitations when working
with large forest trees. Average, maximum and minimum
daily air temperatures were recorded by a weather station
located 50 m from the test trees during both experiments.
Localized heat treatment was applied to the tree in the
period between 29 March and 3 May, 2004. The stem
portion of the first Norway spruce was heated with a 15-m-
long electric heating cable [FSM-17 (Freeze Stop Warming
Band; Jowitherm, The Netherlands), 17 W/+5 �C, 11 W/
25 �C, 230 V] wrapped around 1 m of the length of the
stem. The lower part of the heating system was 70 cm
above the ground. Insulation material was wrapped around
the electric heating cable to prevent energy loss. The tem-
perature between the bark and the insulation was adjusted to
23–25 �C and monitored daily with a thermometer sensor.
Localized cooling of the stem of the second experimental
spruce was performed between 14 June and 20 July, 2004. A
pump circulated cooled water through copper tubes, which
were wrapped around 1 m of the length of the stem. The
system was carefully insulated. The temperature between
the stem and the insulation was set to 9–11 �C, which was
monitored and regulated daily with a capillary thermostat.

Blocks of tissue (10 · 10 · 30mm3) containing inner
phloem, cambium and outer xylem were taken at the begin-
ning of each of the treatments and thereafter at 10-d inter-
vals. Samples were taken at breast height (1�3 m above the
ground) from treated trees and the control tree. The insu-
lation was carefully placed in the original position after each
sampling. Additionally, samples were taken approximately
10 cm above the treated and insulated portions of the stems
to investigate the effect of temperature on cambial activity
along the stem from the site of its application. Samples were
taken again on 12 December, 2004 (winter) to investigate
the effect of cooling and heating on the anatomy and incre-
mental width of xylem and phloem. After sampling, blocks
of tissue were immediately fixed in FAA (formaldehyde–
ethanol–acetic acid solution) and, after 1 week, were dehyd-
rated through a graded series of ethanol. For LM, permanent
cross-sections of 25 mm thickness were prepared on a micro-
tome Leica SM 2000R, stained with safranin and astra
blue and mounted in Euparal. A Nikon Eclipse 800E
light microscope was used for anatomical observations.

Radially flattened cells of dormant cambium were easily
distinguished from terminal latewood tracheids and differ-
entiated secondary phloem. An increase in the number of
cells in the cambium indicated divisional activity of the
cambium. Expanding cells with thin primary walls between
the cambium and a zone of xylem and phloem cells with
secondary walls were considered to be xylem and sieve cells
in the post-cambial growth stage. Determining the initiation
of secondary wall thickening was based on birefringence in
the cell walls under polarized light. Blue-stained cell walls
and the protoplasmic content in the cell lumina indicated
incompletely developed tracheids. The fully matured
tracheids had red-stained cell walls and empty lumina.

In addition, semi-thin sections of about 1 mm thickness
were prepared with an Ultracut S ultramicrotome and
stained with 1% toluidine blue solution. For this purpose,
samples for TEM and UMSP were dehydrated through a
graded series of ethanol and water-free acetone and then
embedded in Spurr’s epoxy resin (Spurr, 1969). For TEM,
ultra-thin transverse sections (80–100 nm thick) were
stained with potassium permanganate according to the
method of Donaldson (1992). Examination was carried
out with a Philips CM 12 transmission electron microscope
at accelerating voltages of 40 or 60 kV to enhance contrast.
For UV spectroscopic measurements, unstained transverse
sections (1mm thick) were prepared from the epoxy resin-
embedded samples, transferred to quartz slides, immersed
in a drop of non-UV-absorbing glycerine and covered with
quartz coverslips. Cell-wall analyses were performed using
a UV-microspectrophotometer (UMSP 80, Zeiss) equipped
with a scanning stage enabling the determination of image
profiles at defined wavelength. The specimens were first
conventionally investigated by point measurements with
a spot size of 1mm2 using the program LAMWIN�

(Zeiss). Spectra were taken at wavelengths of 240–
400 nm in 2-nm steps. The measurements were automatic-
ally repeated 50 times for each point analysis. Additionally,
specimens were scanned at a defined wavelength of 280 nm
for conifer lignin, using the scan program APAMOS�
(Zeiss). The scan program digitizes rectangular fields
with a local geometrical resolution of 0.25mm2 and a
photometrical resolution of 4096 greyscale levels, which are
converted in 14 basic colours to visualize absorbance intens-
ities (Koch and Kleist, 2001; Koch and Grünwald, 2004).

RESULTS

Climatic conditions during experiment

Daily average, maximum and minimum air temperatures
and amount of precipitation recorded in the area from
1 March to 31 July, 2004 are given in Fig. 1. Conditions
duringMarch and April were relatively mild, with minimum
air temperatures falling below freezing only at the begin-
ning of the heating experiment. Air temperatures gradually
increased but never exceeded 25 �C during the heating
experiment. June and July were much warmer, with
maximum temperatures rarely above 30 �C and minimum
temperatures never below 5 �C. Thus, as expected, air tem-
peratures during the cooling experiment were much higher
than those during the heating experiment.
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Heating experiment

Examination of the material removed on 29 March, 2004
revealed that the heating experiment was set before regular
initiation of cell divisions in the cambium. Radial series of
dormant cambium consisted of 4–5 radially flattened cells
(Fig. 2D). After 10 d of heat treatment, 7–8 layers of divid-
ing cambial cells and three layers of early phloem sieve cells
were observed in samples from the heated portion of the
stem (Fig. 2A). The cambium was still dormant above the
treated portion of the stem and in the control tree. Heating
the stem portion for 20 d caused xylem formation, but no
reactivation of the cambium 10 cm above the treated region
was observed. Similarly, the cambium of the control tree
remained dormant, with up to five layers of cells. In the
heat-treated sample, the cambium comprised 7–8 layers of
cells, with an increase of 3–4 layers of early phloem sieve
cells, and an increase in xylem of 3–5 layers of earlywood
tracheids in the post-cambial growth (Fig. 2B). After 30 d of
heat application, on 3 May, 2004, regular cambial activity
had started in the non-heated part of the stem and in the
control tree (Fig. 2E). The cambial zone was 7–8 layers of
cells wide, the phloem consisted of four layers of early
phloem sieve cells and the xylem of four layers of radially
expanding earlywood tracheids. In the heat-treated stem
portion, up to 15 layers of undifferentiated earlywood trac-
heids were present on the xylem side (Fig. 2C). Five to six
layers of cells were in the stage of post-cambial growth and
7–9 layers of tracheids were undergoing secondary wall
formation and lignification. Tracheids adjacent to the ter-
minal latewood tracheids of the previous growth ring (2003)
were in the final stages of cell differentiation. No com-
pletely matured earlywood tracheids had formed in the
30 d of heat treatment. Current phloem growth consisted
of a more or less continuous tangential band of axial par-
enchyma, followed by 5–6 layers of early phloem sieve
cells. Heat-treated and non-treated samples taken at the
end of the vegetation period (12 December, 2004) revealed
comparable widths of xylem growth rings and a similar

proportion of latewood (approx. 40 %) (see Fig. 4
below). No differences were detected in terms of the ana-
tomy and width of the phloem growth increments during
2004 between treated and non-treated samples. Phloem
growth increments comprised of 3–5 late phloem sieve
cells, followed by a tangential band of axial parenchyma
cells and a layer of 3–4 early phloem sieve cells.

Cooling experiment

Light microscopy of tissues removed from the control
tree and from the tree prepared for cooling showed that
on 14 June, 2004, when the experiment began, the cambium
consisted of 8–10 layers of dividing cells. The phloic incre-
ment comprised 1–2 layers of late phloem sieve cells adja-
cent to the cambium, a tangential band of axial parenchyma
cells and 3–4 layers of early phloem sieve cells. On the
xylem side, 6–8 layers of earlywood cells were in post-
cambial growth stage, 9–10 layers of the tracheids in the
process of secondary wall formation and lignification, and
4–6 layers of earlywood tracheids were fully developed
(Fig. 3A). After 10 and 20 d of the cooling experiment,
no differences at the anatomical level could be detected
among the samples taken from the cool-treated portion of
the stem, a sample taken above the treated part of the stem
or a sample removed from the control tree. Anatomical
differences among tissues exposed to cooling and control
samples were conspicuous after 30 d of cooling, on 20 July,
2004. Latewood started to form, as concluded from the
narrow radial dimensions of the recently formed tracheids
near the cambium of the cool-treated stem (Fig. 3C). Only
up to two layers of cells were in the stage of post-cambial
growth. The cambium was up to five layers of cells wide in
the cooled sample (Fig. 3D). Above the cool-treated stem
portion and in the sample from the control tree, the cambium
was considerably wider, consisting of 7–8 cells (Fig. 3B).
The non-treated samples showed the formation of early-
wood or transition wood, while 6–7 layers of tracheids
were in the stage of post-cambial growth. Observation of
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two experimental periods. The duration of the heating and cooling experiments is indicated by arrows.
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phloem anatomy revealed no differences between the cool-
treated and control samples. At the end of the vegetation
period, the cool-treated sample exhibited a reduced propor-
tion of latewood (approx. 20%) as compared with the

control sample (approx. 40%), although the widths of the
xylem growth rings were comparable (Fig. 4). The structure
and width of the phloem growth increments were similar in
control and treated trees.
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F I G . 2. The response of cambium in Norway spruce to experimental heating, as viewed on cross-sections by light microscopy. (A) Divisionally active
cambium (KC) and phloemcells (F) formed after 10 d of heating. (B) Phloem increment (F) and xylem cells in post-cambial growth (PR) formed as a response
to 20 d of heating. (C) Phloem (F) and xylem cells in post-cambial growth (PR) and phase of secondary cell wall formation and lignification (SL) formed after
30 d of heating. (D) Dormant cambium (KC) in a control sample at the beginning of the experiment. (E) Regular cambial reactivation in a control sample after

30 d of the experiment. Scale bars = 50 mm.
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F I G . 3. Light micrographs showing the response of the cambium to the cooling experiment. (A) Current phloem and xylem increment at the beginning of
the experiment in mid-June. (B) Earlywood or transition wood (PR, SL) formed in the control tree after 30 d: PR, post-cambial growth; SL, secondary wall
formation and lignification; F, phloem cells. (C) Formation of latewood (PR, SL) in a cool-treated sample after 30 d. (D) Detail of the cambial region (KC) in

the cooled sample after 30 d. The cambium is up to five layers of cells (KC) wide. Scale bars = 50 mm.
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UV spectrophotometry and TEM

UV-spectrophotometry was used for examination of
possible changes in the structure of lignin resulting from
the heating or cooling treatments (Fergus and Goring, 1970;
Fukazawa and Imagawa, 1981; Fengel and Wegener, 1989;
Takabe et al., 1992; Koch and Kleist, 2001; Koch and
Grünwald, 2004). Treated and non-treated samples showed
UV-spectra typical of softwood lignin, with a distinct
maximum at wavelengths of 280 nm and a local minimum
at approx. 260 nm (Fig. 5). Furthermore, spectral scanning
of the heat-treated xylem tissue revealed no alterations in
the differentiation process of the cell walls. Absorbance at
280 nm increased with increasing distance from the cam-
bium, indicating a lower lignin content in the cell walls of
younger developing cells. Lignification extended from the
cell corners toward the inner parts of the secondary cell
walls (Fig. 6). On the basis of the UMSP observations,
no changes in the pattern of lignin incorporation and its
structure between treated and non-treated samples were
found after 30 d of the experiment.

TEM of heated samples revealed that at the end of April,
i.e. prior to the regular onset of wood formation, several
layers of differentiating xylem cell rows had developed.
Young cells close to the cambium appeared with thin
walls and were still undergoing enlargement. A few rows
away from the cambium, cells showed the beginning of
deposition of secondary wall material. With increasing
distance to the cambium, the width of the secondary
cell wall increased (Fig. 7A, B). Potassium permanganate
staining clearly demonstrated that lignification was delayed
as compared with cellulose deposition, and started in the
cell corner and middle lamella regions. Thereafter, ligni-
fication extended towards the outer portions of the second-
ary wall and finally to the inner portions.

Neither control nor cooled stem portions sampled during
the vegetation period showed fine structural variations with
regard to xylem cell development. As described above for
the heated samples, all cell development stages were seen,
starting close to the cambium with primary wall stages
during cell enlargement, and further away from the cam-
bium with secondary wall deposition and delayed onset of
lignification (Fig. 7C, D). Lignification of the entire
secondary wall became finalized in cell rows 13–14 from
the cambium (Fig. 7E).

DISCUSSION

The experiments described herein have demonstrated that
heating or cooling can cause alterations in regular cambial
activity. This is in agreement with previous observations of
cambial reactivation in locally heated stems of several con-
ifers in winter (Oribe and Kubo, 1997; Oribe et al., 2001,
2004). Applying heat stimulated divisions in the cambium
and led to xylem and phloem formation. Cambial reactiva-
tion in the stem of Norway spruce occurred on the phloem
side first, which supports the observations of Oribe et al.
(2001, 2003, 2004) in other evergreen conifer species. In
locally heated regions of stems of Abies sachalinensis dur-
ing cambial dormancy, a few fusiform cambial cells on the
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F I G . 4. Light micrographs of current xylem growth rings at the end of the vegetation period. (A) Heated sample; (B) cooled sample with a reduced portion of
latewood; (C) control sample, Scale bars = 100 mm.
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phloem side of the cambium differentiated into phloem cells
prior to the re-initiation of cambial cell divisions, and only
minimal differentiation of xylem occurred after cambial
reactivation. According to Larson (1994), there are no sig-
nificant differences among fusiform cambial cells. Further-
more, storage starch is not accumulated in fusiform cambial
cells during dormancy (Larson, 1994; Oribe et al., 2001).
One of the reasons for earlier cambial reactivation on the
phloem side in the heated part of the stem might be a per-
ception of a gradient of external triggers in the cambium
(Oribe et al., 2001). During heat treatment, there might be
two main pathways for translocation of nutrients: radial,
from phloem parenchyma cells; and tangential, from ray
cambial cells. In this respect, the supply of nutrients to
the cambial cells adjacent to the phloem is greater than
on the xylem side, resulting in earlier reactivation of the
cambial cell on the phloem side (Oribe et al., 2001). That
the cambium remained dormant elsewhere in the stem and
that its reactivation was restricted to the heated region
confirmed the observations of Barnett and Miller (1994)
regarding the non-transference of temperature along the
stem from the site of its application.

During winter cambial dormancy, cambial growth
potential varies with species, evergreen and deciduous
habit, and habitat of conifers (Oribe and Kubo, 1997;
Oribe et al., 2001, 2003). Cambial cells of evergreen con-
ifers at the quiescent stage of cambial dormancy, a stage that
is imposed by external factors, can re-initiate cell division
independently of the growth of new shoots and the devel-
opment of buds in spring (Oribe and Kubo, 1997; Oribe
et al., 2001, 2003). Localized heating of stems of Abies
sachalinensis during late winter induced localized reactiva-
tion of the cambium. However, the effect of localized
heating on the extent of cell division in heat-reactivated
cambium was not as distinct as that in naturally reactivated
cambium. In addition, heated reactivated cambium ceased

cell division soon after a few cells had been produced. Oribe
et al. (2003) suggested that in Abies sachalinensis, continu-
ous cell divisions in heated-reactivated cambium require
additional conditions, which appear to be satisfied in nat-
urally reactivated cambium. In the evergreen Cryptomeria
japonica, cambial reactivation often occurred in the heated
portion of the stem (Oribe and Kube, 1997). This might
reflect a dormancy stage of the cambium, showing that
reactivation is more likely during environmentally imposed
dormancy. No cambial response to heat treatment in the
deciduous Larix leptolepis indicated that cambial reactiva-
tion in this species is limited by several factors associated
with bud break (Oribe and Kubo, 1997).

The response of the cambium to the drop in temperature
in our experiment was less pronounced and was not visible
on the xylem side until 30 d of cooling. Cooling part of
the Norway spruce stem caused earlier formation of late-
wood. Adjacent to the cambium, only 1–2 radially expand-
ing xylem cells were observed. In addition, the number of
cells in the cambium decreased to four or five, which was
typical of dormant cambium. The drop in air temperatures
presumably shortened cambial activity, resulting in a
lower portion of latewood in the current xylem increment.
It appears that the heating and cooling treatments did not
influence the widths or the structure of the phloem growth
increments. Moreover, at the ultrastructural and topochem-
ical levels, no alterations were observed in the pattern of
secondary cell wall formation and lignification or in lignin
structure among cooled, heated and control samples.

The results presented herein and the results obtained by
others confirm the importance of external factors on cambial
activity and corresponding cell differentiation. However,
internal factors, such as phytohormones and sugars, must
also be taken into consideration (Little and Bonga, 1974;
Riding and Little, 1984, 1986; Mellerowicz et al., 1992;
Savidge and Barnett, 1993; Savidge, 1996, 2000;

A

B

F I G . 6. UV micrographs and three-dimensional profiles of cell walls of (A) fourth and fifth and (B) eighth and ninth earlywood tracheids in heat-treated
Norway spruce scanned with a geometrical resolution of 0.25 mm2. The scales indicate different UV-absorbance values at a wavelength of 280 nm.
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Kozlowsky and Pallardy, 1997; Lachaud et al., 1999; Aloni
et al., 2000; Krabel, 2000; Uggla et al., 2001; Wodzicki,
2001; Oribe et al., 2003). The extent of cell divisions and
cell differentiation in the cambium might depend on the
supply of sucrose from the storage tissue to the cambium
(Oribe et al., 2003). The cessation of cell divisions in the
heat-reactivated cambium could be a result of the absence of
sucrose. Oribe et al. (2003) hypothesized that the continua-
tion of cell division in the cambium after cambial reactiva-
tion requires a continuous supply of sucrose. Moreover, an
inability of cambial derivatives to proceed with differenti-
ation might cause a deficiency of indole acetic acid (IAA) in
the cambial region of locally heated stems during cambial
dormancy. During regular cambial activity, a continuous
supply of IAA from elongating shoots and/or expanding
buds can maintain cambial divisions and the subsequent
cell development (Oribe et al., 2003). Local cooling of
the stem could reduce supply and the level of carbohydrates
and IAA to differentiating xylem cells, and hence trigger
earlier formation of latewood tracheids and thus earlier

cessation of cambial activity than under natural conditions.
Long-term experiments are required to provide more detail
of the effects of low or high temperatures on the rate of cell
division, the histochemical response and possible disturb-
ances in cellular differentiation.
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